A number of possible relationships between climate change and water quality of Dutch surface waters have been investigated and an indicative quantification of the impact of climate change on water quality has been established. The analysis focused on water quality during periods of low flow and extreme heat, which are assumed to increase in frequency and intensity due to climate change. The results indicate that the impact of climate change on water quality cannot be generalised and should be assessed on a case by case basis. However, the impact on extreme situations (floods and droughts) seems to be largest, whilst water quality under average discharge conditions appears to be relatively unchanged.
Introduction
Climate change is a dark cloud hanging over our heads. It is difficult to grasp, but the possible consequences force us to be alert. Especially for a low-lying country in a delta of rivers like The Netherlands climate change can have serious impacts. However, how climate change will affect the environment is hardly known. There are a number of models that are plausible and could come into effect, but reality can take up other faces as well. At present, climate change models for The Netherlands are all based on the assumption of unchanged circulation patterns in the troposphere. Within that assumption, present day weather situations can be extrapolated towards higher temperatures. Especially for rainfall this yields usable, quantified estimations of what climate change may bring. But what if circulation patterns do change, what if the usual intermittence of high and low pressure areas does change, even if only by a few percent? At present we have no good predictions for that.
It becomes all the more difficult when we are asked to assess the impact of climate change on water quality. Water quality is determined by a great number of parameters that each have their individual, specific relationship with climate parameters (e.g. rain, drought, temperature, sunshine, wind). Predicting the effects of any possible form of climate change then becomes a precarious business.
In the recent past, the possible effect of climate change on a number of discharge related parameters (e.g. heavy summer precipitation, prolonged winter rainfall) has been established for The Netherlands (Können et al., 1997) . The impact of these changed conditions on the discharge regime of the rivers Rhine (Middelkoop, 2000) and Meuse (de Wit, 2001) have been established, and, where needed, the consequences have been implemented in strategic water management plans in The Netherlands (WB21, 2000 and the National Water Convenant, 2003) . At present, increased discharge regimes for the rivers Rhine and Meuse are anticipated in water management and the first steps are taken to accommodate increased peak discharges (NCR, 2002) .
The possible effects of climate change on water quality, however, are poorly understood. Some possible examples are increased contaminant discharge (during floods), rising temperature and oxygen depletion (during droughts), changes in aquatic ecology, etc. (EEA, 2003) . In general, the relationships between water quality and climate change are difficult to establish and for that reason, they are often not incorporated in 'official' models. Our knowledge of the water system itself may be the most limiting factor in describing the possible impacts of climate change.
In this study, we present three examples of possible consequences of climate change on water quality in The Netherlands, based on existing monitoring data. The results give some insight with regard to the possible consequences of climate change on water quality in The Netherlands.
Methods
The possible effect of climate change was studied via the action of increased drought and increased temperature. Drought occurs every summer in the yearly cycle, climate change may lead to increased evapotranspiration and thereby to lower river discharges. This might affect water quality especially in situations with significant, constant pollution sources. From a study of the average yearly cycle of surface water quality and a presupposed impact of climate change on river discharge, a prediction was made on the effect of climate change on average water quality. An analysis of water quality in the relatively dry year 2003 gives a hint of the magnitude of extreme climate conditions.
The possible effect of climate change by increased temperatures was studied by analysis of the heat wave in The Netherlands in the year 1994. . This minimum flow is solely driven by snowmelt in the Alps. Contrary to the Rhine, the Meuse river is exclusively fed by rain water and therefore the consequences of droughts are more severe. In the second half of 2003, the median discharge of the Meuse river amounted only 20 m 3 /s, leading to semi-stagnant conditions in the river. This long drought period had a noticeable effect on water quality, e.g. with regard to temperature, dissolved oxygen and chloride concentrations. The temperature in the Meuse river recorded at the border station Eijsden exceeded the ecological threshold value (25 8C) in July and August 2003, but not in 2002. The same holds true for the Rhine river at the border station Lobith (Figure 2 ). The chloride concentration Figure 3 ). In the Rhine river, the chloride threshold for drinking water production (150 mg/l) was exceeded during 17 consecutive days (from September 19 till October 5, 2003).
Results and discussion
The chloride concentration in the Rhine and Meuse rivers shows an inverse relationship with river flow (Figure 4 ). Such relationships are typical of chemicals introduced into river systems by point sources. In the absence of physico-chemical processes (adsorption, sedimentation, decomposition etc.), the concentration (C) as a function of discharge (Q) is often given as C ¼ a/Q þ b, where a represents the chemical load (e.g. g/s) and b represents the natural background concentration. In the river Rhine, such relationships have already been established for major elements, such as sodium and chloride (Van Der Weijden and Middelburg, 1989) . Climate change may lead to an increase in the frequency and intensity of low-flow periods (droughts), and may therefore affect water quality.
Case 2. The impact of climate change in regional water systems and the influence of WWTP-effluents For many regional Dutch surface waters municipal wastewater treatment plants are expected to be the main contributor of contaminants. The impact of a continuous contaminant load to the water system will increase under low flow conditions, like in the summertime, as there is less water to dilute the contaminants. Increased summer drought due to climate change may then lead to increased contaminant levels in the summertime. The possible magnitude of this effect was investigated by an analysis of seasonal variations in the water quality in the basin of the Dommel brook (south-eastern part of The Netherlands) in the period 1991-2002, assuming a 30% decreased discharge in the months August-October due to climate change. The magnitude of this decrease in discharge was based on model calculations for the river Meuse and was assessed as an appropriate first-order estimate of the possible impact of climate change in the year 2050. The analysis was performed for (total) zinc, nickel, and phosphate.
The results of the analysis for phosphate are given in Figure 5 together with the variation in river discharge of the Dommel. The figure shows that the average phosphate levels in the period 1990-2002 indeed have been higher in the summertime than in the wintertime. So, the anticipated relationship between discharge values and contaminant levels is present, which might indicate that the phosphate originates from a continuous source like a wastewater treatment plant. Indeed, the geographical distribution of phosphate levels in the Dommel basin was shown to strongly correlate with the presence of treatment plants (not shown), corroborating these as a likely source. However, the difference in phosphate levels between summer and winter is only some 25-30%, while the corresponding average discharge values have dropped by a factor of four. Straightforward dilution of phosphate emissions would lead to a much more pronounced seasonal variation, even in the presence of other phosphate sources. As the variation in phosphate is much less other effects will play a role, like sediment-water exchange (buffering). When trying to assess the impact of increased summer drought, it is estimated that the assumed 30% reduction in discharge values in August-October will lead to a 5% extra increase in the summer maximum. The effect on the yearly average phosphate level is only 1% and can be assessed to be of minor relevance.
The concentration of zinc and nickel follows a very different behaviour than that of phosphate and qualitatively resembles the variation in discharge, see Figure 6 . This pattern can be understood by a significant contribution of seepage to these contaminant levels. This is somewhat surprising as in the present emission models for these parameters wastewater treatment plants have the most significant contribution. Given the behaviour of Figure 6 , climate change may have a very different effect for nickel and zinc than it may have for phosphate. As phosphate levels are expected to rise in the summer period, the levels of nickel and zinc can be expected to decrease during summer drought. On the other hand, the zinc and nickel concentrations in the winter may increase due to the expected increase in rainfall then. Present models predict an increase in winter rainfall of some 6-12% for the year 2050. The combined influence of summer and winter effects on the yearly average concentration is estimated at 2 1 to 24%, leading to a marginal increase in average concentration.
The analysis above shows that the impact of climate change on water quality cannot be generalised and should be assessed case-by-case. This holds especially for different contaminant sources and characteristics, but also holds for the characteristics of the area under consideration. The drainage basin of the Dommel consists of a countryside slowly descending from south to north with height differences of a few metres on the scale of kilometres. The underground can thereby act as a sponge that is loaded in the wintertime and that provides a continuous, though decreasing, supply of water in the summertime. In the low-lying polder areas of The Netherlands, however, with the absence of height differences and their fixed water levels, sponge effects will not occur and the water system will react much more directly to summer drought. This reaction proceeds so fast that frequently water should be brought from other water systems in order to maintain water levels. Due to this strong sensitivity towards summer drought, it can be expected that the impact of climate change on water quality can be more significant in the polder areas. In The Netherlands about 80% of the cooling capacity of industry and electricity production facilities is achieved by direct, once-through cooling with surface water. With the aim of protecting aquatic life, cooling water discharges are only allowed when the outlet temperature does not exceed 30 8C, while the temperature difference between inlet and outlet is not larger than 7 8C. Consequently, the amount of heat discharged should be reduced when the water temperature exceeds 23 8C, which is often realised by shut down of production units. In electricity production, water temperatures above 23 8C will lead to a temporarily reduced national electricity production capacity. Such a situation is encountered almost every summer, but of course becomes more limiting in extremely hot summers. The amount of excess electricity production capacity may then drop rapidly to levels where the electricity supply can no longer be guaranteed. This situation occurred in the summers of 1994 and 1995 and, most acutely, in 2003. An analysis of the 1994 situation (Kuiper and Senhorst, 2002 ) was used to assess the possible impact of climate change on the consumption of cooling water and the occurrence of critical situations in electricity supply in The Netherlands. First the relation between water temperature and the reduction in electricity production capacity was established which proved to be a nearly linearly increasing relationship from a water temperature of 23 8C onwards. Then, the water temperature corresponding to the critical electricity supply situation could easily be established, yielding T critical ¼ 26.3 8C as the critical temperature. Subsequently, from a 6-hourly measuring series of water temperatures in the period 1979-2000 the distribution function for water temperature is derived, see Figure 7 .
The impact of climate change can now easily be established as the relation between an increase in water temperature dT water and the corresponding probability of exceeding the value T critical 2 dT water . This corresponds with computing the area under the curve in Figure 8 above that water temperature value. Due to the steep form of the distribution function in the region around T critical a strong relationship with dT water emerges, as can be seen in Figure 8 .
The figure shows that electricity production in The Netherlands is most vulnerable to increased water temperatures as may occur under climate change. An increase of 2 8C in the average temperature will lead to an increase in the occurrence of 'red alert' situations by a factor of 20! Due to this sensitivity, the effects of climate change may already become noticeable within one or two decades.
Conclusions
In this screening study we have only given attention to the effect of one-dimensional excursions from normal climatological conditions. Therefore, the combined effects of for instance simultaneous drought and high temperatures have not been taken into account. Also, we only investigated the effects on a limited number of water quality parameters. Thus, the picture given above is preliminary and far from complete. Nevertheless, it shows that climate change may have a significant impact on water quality but also that this is not necessarily always the case. Also, it shows that the effects can only be assessed on a case-by case basis. Moreover, it was found that the most significant impact of climate change is related to increased occurrence and intensity of extreme weather conditions (intense precipitation, heat waves, drought), rather than changes under average situations. Therefore, when investigating the impact of climate change it seems most effective to focus on extreme conditions. The effects of climate change will manifest themselves on a very long time scale and are therefore hardly discernibly for the present-day observer. Nevertheless, climate change may already be working at present. If so, we will increasingly observe its effects in 'present-day problems' (e.g. drinking water and electricity production), as these may be amplified by the action of climate change. When designing solutions to these presentday problems, common sense urges us then to incorporate the possible effects of climate change.
